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HIGH-RESOLUTION INTERFEROMETER SOUNDER (HIS) PHASE I1 

1. Introduction 

This is the final report for contract NAS5-27608 under which the 
High-resolution Interferometer Sounder (HIS) aircraft instrument was 
successfully built, tested, and flight proven on the NASA U-2/ER-2 
high altitude aircraft. The contract extended over nearly four years; 
from 13 May 1983, when the detailed design phase began, to 31 March 
1987, at which time the instrument had flown in several very 
successful field expeditions. 

The HIS aircraft demonstration (Phase 11) has shown that, by 
using the technology of Fourier Transform Spectroscopy ( F T S ) ,  it is 
possible to measure the spectrum of upwelling infrared radiance needed 
f o r  temperature and humidity sounding ( 3 . 7  to 16.7 pm) with high 
spectral resolution ( X / A X  > 2000) and high radiometric precision 
(<O.l'C RMS noise equivalent temperature). By resolving individual 
carbon dioxide lines, the retrieved temperature profiles have vertical 
resolutions of 1-2 km and RMS errors <1'C, about 2 to 4 times better 
than possible with current sounders. Implementing this capability on 
satellite sounders will greatly enhance the dynamical information 
content of temperature measurements from space. 

The aircraft model HIS is now a resource which should be used to 
support field experiments in mesoscale meteorology, to monitor trace 
gas concentrations and to better understand their effects on climate, 
to monitor the surface radiation budget and the radiative effects of 
clouds, and to collect data for research into retrieval techniques, 
especially under partially cloudy conditions. 

2 .  Design and Fabrication 

The aircraft instrument was built at the Univerity of Wisconsin- 
Yadison Space Science and Engineering Center (SSEC) with the key 
participation of three subcontractors. The auto-aligned 
interferometer designed for field applications and its associated 
control and post-processing electronics were provided by BOMEM, Inc of 
Quebec, Canada. The complete optical design, including detailed 
definition of the input telescope, collimator, relay and condensor 
optics, and band pass filters, was performed by the Santa Barbara 
Research Center (SBRC), who also provided predicted performance 
calculations. The onboard recording system hardware and software was 
provided by the University of Denver. In addition, the subcontractors 
a l l  provided overall guidance on design and field operations, based on 
their substantial experience with FTS systems. 

Three design reviews were held in rapid succession as soon as 
a l l  subcontracts were in place. The first occurred on 2 9 - 3 0  September 
1983 a t  BOMEM, the second on 6-7 December 1983 at SSEC and the final 
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the Critical Design Review (CDR) on 21 
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The fabrication and assembly at SSEC was completed early in May 
1985, just over one year after CDR. During this time two smaller, but 
important, subcontracts were completed, one vith SBRC for the arsenic- 
doped-silicon detectors used in all of the three separate spectral 
bands and one with Eppley Laboratories for the reference blackbodies 
used to establish absolute onboard calibration. An important part of 
the assembly procedure was the optical alignment of the elements on 
the optics bench and inside the dewar/detector assembly. Careful 
alignment is required to assure the accuracy of the onboard 
calibration. 

The instrument, one of its aircraft mounting configurations, and 
its most critical components are illustrated with photographs in 
Figures 1-6, In addition to the ER-2 underbelly mount shown, the 
instrument was also flown in the same pod, mounted under the wing of 
both the U-2 and the ER-2. More specific information on the 
characteristics of the instrument is given in the attached references 
1 and 2. 

3 .  Flight Testing 

Immediately following the completion of fabrication. a series of 
test flights were conducted. These flights were undertaken even 
before detailed ground testing was completed, so that any basic 
problems related to the aircraft configuration and the inflight 
thermal and humidity environment could be detected at an early stage. 
Data were collected during six flights over several target areas 
including clear ocean (14 May), the special Earth Radiation Budget 
Experiment verification site near Yuma Arizona (15, 17, and 18 May), 
and over the Pre-Storm network in Kansas (18, 20, and 23 May). These 
tests were extremely successful at demonstrating the functional 
integrity of the instrument design. All of the instrument subsystems 
functioned on the first flight. Some problems were encountered with 
the data system, with the dissipation of heat from the power supplies, 
and with large noise levels, but the basic design approach was proven 
to be free of fundamental flaws. 

Following instrument modifications, which reduced noise level to 
photon limited performance in the lab, and end-to-end ground testing, 
which demonstrated the success of the onboard calibration approach, a 
second series consisting of five flights were conducted from NASA Ames 
in August. These flights showed that the photon limited performance 
observed on the ground c uld be realized in flight. Channels I and I 1  
covering 600 to 1800 cm showed no evidence of additional noise 
sou~ces. Channel 111 covering 2100 to 2600 cm did pickup an 
additional noise source, especially noticeable at large wavenumbers 
(peaking beyond 2500 cm ) .  Extra filtering later improved this noise 
problem, but it still has not been completely eliminated (see 
reference 1). 

- P  
-1 

-1  
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Analyses conducted on-site at Amas concluded that the instrument 
performance was unmarred by major problems and the calibrated spectra 
compared reasonably well with calculated spectra. Unfortunately, upon 
closer inspection, we found evidence of a problem, which placed 
significant limitations on the useful spectral resolution of the data 
collected during these flights. The problem created subtle errors in 
the interferograms that were not easily seen. The 15 micron CO 
resonances were very close to the right shapes and were in nearfy the 
right locations. However the effect on the full resolution spectra 
was large compared to the 0.1% accuracy goal of HIS (variability of 
spectra from one scan to the next by a few percent). As reported in 
the program review held at SSEC on 11-12 December 1985, the problem 
was traced to the loss of a small percentage of laser-fringe-rate 
samples, which occurred becaused the electronics timing margin was 
inadequate to allow error free operation under the flight vibration 
environment. 

Fortunately, this problem and other smaller ones were solved by the 
time of the next flight series in 1986. 

4. Primary Data Collection Flights 

The HIS aircraft instrument was flown on dozens of flights over 
many different atmospheric conditions in 1986. It turned out to be a 
very reliable aircraft instrument, with over 90% of the flight time 
yielding high quality data. 

Flights resumed on 14 April with a very good test flight over 
the Pacific Ocean from NASA Ames on the U-2. On 15-17 April, daily 
flights were made over the Kitt Peak observatory in Arizona. The 
objective was a to determine the atmospheric transmittance (by 
measuring the solar absorption spectrum as a function of air mass) 
from the observatory for the same air mass for which emission 
measurements were made from the aircraft HIS. This is not an easy 
task considering all of the potential difficulties with the weather, 
the instrumentation on the plane and at Kitt Peak, and the aircraft 
itself. We did succeed on one of three possible days. Simultaneous 
absorption measurements were made with Brault's interferometer on the 
McMath Solar Telescope [5] on 15 April. The wind on the mountain 
closed the telescope on 16 April, and on 17 April the HIS suffered one 
of its few failures, when the scene switching mirror failed in the hot 
blackbody position. This data set has recently been the source of a 
Master's thesis by Arlindo Arriaga, under the direction of Professor 
W.L. Smith. 

In June and July, the HIS instrument was flown in support of the 
NASA Combined Huntsville Meteorological Experiment (COHMEX), an 
intensive study of convective storms and their precursor conditions, 
conducted near NASA Marshall. Twenty flights were conducted from the 
airbase at Wallops Island, Virginia. The HIS was flown both under the 
wing of the U-2, as in all previous flights, and in a new 
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configuration on the underbelly of the E R - 2  (see Figures 2 and 3). 
Although there was some variation of the quality of the data with 
aircraft and with the various small configurational changes tried in 
attempting to minimize vibration effects, good data waa collected from 
every one of the flights. 

In October and November, 10 flights were made in support of the 
NASA FIRE experiment in Wisconsin to study the radiative impact of 
cirrus clouds. The HIS was flown exclusively on the ER-2 underbelly. 
With the exception of one problem when a small chip of glass lodged in 
the Michelson mirror drive, the FIRE data was of high quality. 
However, as mentioned in attached reference 1, sample position errors 
ore somewhat larger in the underbelly mounting position on the ER-2 
than in the underwing mounting position on either the U-2 or the ER-2. 

5. Radiometric Performance 

The calibration accuracy and noise performance are described in 
detail in the attached references 1-3. In brief, the high radiometric 
requirements needed for sounding retrievals.were realized. Thereby, 
it has been demonstrated for the first time with direct measurements 
that the interferometric approach is especially well suited to provide 
the radiometrically precise, high spectral resolution sounding 
measurements needed to improve the quality of passive sounding 
retrievals. 

6. Sounding Retrieval Results . 

Retrieval procedures and results are presented in references 4- 
7. In summary, the HIS measurements have demonstrated the 
meteorologically important increase in vertical resolution which can 
be realized from high spectral resolution measurements. 

7. Reference Papers and Conference Presentations 

The results of this contract have been presented in numerous 
papers and presentations. The following papers which are referenced 
to provide detailed support for this report are included as 
attachments: 

Ref 1. "High-Altitude Aircraft Measurements of Upwelling IR Radiance: 
Prelude to FTIR from Geosynchronous Satellite", H.E. Revercomb, 
D.D. LaPorte, W.L. Smith, H. Buijs, D.C. Murcray, F.J. Hurcray, 
and L.A. Sromovsky, (for 6th International Conference on 
Fourier Transform Spectrocopy, Vienna, Austria, 2 4 - 2 8  August 
1987) Mikrochimfca Acta, in Press 1988. 

Ref 2. "Radiometric Calibration of IR Interferometers: Experience 
from the High-resolution Interferometer Sounder (HIS) Aircraft 
Instrument", H.E. Revercomb, H. Buijs, H.B. Howell, R.O. 
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Ref 3. 

Ref 4. 

Ref 5 .  

Ref 6 .  

Ref 7. 

Knuteson, D.D. LaPorte, W.L. Smith, L.A. Sromovsky, and H.W. 
Woolf, Presented at International Workshop on Remote Sensing 
Retrieval Methods, Williamsburg, Virginia, 15-18 December, for 

Deepak Publishing, Hampton, Virginia, in Press, 1988. 
publication in &&au~es in Remote -Val Hethods f A- 

"Radiometric Calibration of IR Fourier Transform Spectrometers: 
Solution to a Problem with the High Resolution Interferometer 
Sounder", H.E. Revercomb, H. Buijs, H.B. Howell, D.D. LaPorte, 
W.L. Smith, and L.A. Sromovsky, w e d  w, u, 3210-3218, 
1988. 

"Improved Geostationary Satellite Soundings for the Mesoscale 
Weather Analysis/Forecast Operation", W.L. Smith, H.M. Woolf, 
H.B. Howell, H.-L. Huang and H.E. Revercomb, Proc. Symp. 
Mesoscale Analysis and Forecasting, Vancouver, Canada, 17-19 
August, ESA SP-282, 79-83, 1987. 

"HIS - A High Resolution Atmospheric Sounder", W.L. Smith, H.M. 
Woolf, H.B. Howell, H.E. Revercomb, and H.-L. Huang, Paper 
presented at the 21st International Symposium on Remote Sensing 
of Environment, Ann Arbor, Michigan, 26-30 October, 1987. 

"The Simultaneous Retrieval of Atmospheric Temperature and 
Water Vapor Profiles - Application to Measurements with the 
High-resolution Interferometer Sounder (HIS)", W.L. Smith, H.M. 
Woolf. H.B. Howell, H.-L. Huang, and H.E. Revercomb, Presented 
at International Workshop on Remote Sensing Retrieval Methods, 
Williamsburg, Virginia, 15-18 December, for publication in 
Advances in Remote Seushg Retrle Val Methods , A. Deepak 
Publishing, Hampton, Virginia, in Press, 1988. 

"High Resolution Interferometer Sounding - The Retrieval of 
Atmospheric Temperature and Water Vapor Profiles", Third 
Conference on Satellite Meteorology and Oceanography of the 
AMs, Anaheim, California, 1-5 February, 1988. 

The first reports of the performance and results from the HIS aircraft 
instrument were made at the radiation conference in Williamsburg, as 
referenced below: 

"HIS - Remote Sensing from the NASA U-2 Aircraft", W. L. Smith, 
H. E. Revercomb, H. B. Howell, H. H. Woolf, D. LaPorte, H. 
Buijs, J. N. Berube, F. Murcray, and D. Murcray, paper 10.5 
presented at the Second Conference on Satellite 
Meteorology/Remote Sensing and Applications, Williamsburg, VA, 
13-16 May, 1986. 

"High-resolution Interferometer Sounder (HIS)", W. L. Smith and 
H. E. Revercomb, poster talk 3B.6 presented at the Sixth 
Conference on Atmospheric Radiation, Williamsburg, VA. 13-16 
May, 1986. 
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Figure 6. Inside of detector/dewar assembly containing three separate 
S1:Ar detectors and associated opt i c s  plus two beamsplitters. 
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Ref 1. "High-Altitude Aircraft Measurements of Upvelllng IR Radiance: 
Prelude to FTIR from Geosynchronous Satellite", H.E. Revercomb. 
D . D .  LaPorte, U.L. Smith ,  H. Buljs,  D.C.  flurcray, F . J .  Murcrny. 
and L.A. Sromovsky, (for 6th International Conference on 
Fourier Transform Spectrocopy, Vienna, Austria, 2 4 - 2 8  August 
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PREUJDE To FIlR FROM GEOSYNCHRONOUS S A W  

H.E.Rcvcrcomb, D.D.LaPoncl* and W.L.Smith 
H.Buijs2, D.G.Murcray3, FJ.Murcray3, and LASrnmovsky 

Space Scicna md Enginetring Center, University of Wisconsin, 
1225 West Dayton Stnet, M a d m n  WI 53706 USA 

ISanta Barbam Research Center, Goleta. California 93017 USA 
ZBOMEM, Vanier, Quebec, Canada GiM2Y2 

3Unbemity of Denver, Denver Colorado 80208 USA 

1. INTRODUCIION 

earth's surface have been made for meteorological applications from the NASA U - 2 E R - 2  
research airnaft The objectives are to (1) demonstrate the capabhry of an intcrfcromctcr to 
measure p r t c i ~ l y  the thnmal emission spectrum with a resolving powa on thc order of 
IO3 and (2) provide spectra over varied weather concfitions to c x p l m  the full potential of 
high resolution IR data for atmospheric remote sensing. The pnmary focus is on rcmcvd 
of temperature and water vapor profdes with substantially higher vemca) mcsolution and 
accuracy than is possible from the low specoal resolution IDeasuTcmcnts of filter d o m e t e r  
sounding insnuments on cumnt weather satellites [I]. A Primary goal is the 
implementation of high spectral resolution insn~ments on geosynchronous satcllivs to 
provide greatly improved metcornlogical obscrvadons for mesoscale forecasting (Joint 
support was provided by N O M E S D I S  and NASA) [2]. Valuable information o n  thc 
rahation budget, minor constituent distribudons, and the radiative propcrtics of thc h d  
surface and clouds would also be provided. 

Radiomcmcally acclrrate obsclvations of upwelling radunu at 20 km above the 

2. IhSSTRLThfEhT DESCRIPTION 

views directly downward from inside a pod (about 3 m long and 0.5 m in diamctcr) 
m o u n t e d  either under the wing or under the center line of the fuselage on thc ER-2. 
Opcrating mode changes for thermal and rccordcr control arc switch-sclcctcd by Lhc pilot. 
Many of the important Specific parameten of the design are listed in Tablc 1. 

controlled at altitude to 300 K and about 240 K After 12 m s  of thc earth ovcr the full 
range of optical path, a 45 d e p  Scene suitchmg m h r  rotates thc ficld+f-vicw from thc 
open eanh viewing port to give 4 scans of the hot and 4 scans of thc cold blackbodics. T h c  
blackbodm, built and calibrated by Eppley Labs, arc blackened cavirics with t h c m l c c m c  
coolerheaters for temperature control and PRTs for monitoring. Thc tcmpcraturc of thc 
interferometer optics is not actively conuollcd. 

The BOhlEM hlichclson intcrfcromcter [ 31 as modified fur this applianon providcs 
double sided inurferopms from both scan k a o n s .  Iu auto-alignment sysicm makcs i t  
possible to operate in the ambient thermal environment of the pod and in v q  closc 
proximiry to the aircraft j e t  engine; optical alignment has never been  lost Thc o p t i d  bench 
is shock mounted to damp high frquency vibration and thc in tdcromctn  is cvacuaicd io 
protect the bcamspliner during descent. 

The t h ~ ~  specml channels, covering most of the region from 3.8 to 16.6 microns 
(Table I ) ,  are split inside a single LHe dewar which contains three XU of bandpass cold 

T h e  High-resolution Interferometer Soundcr (HIS) for thc NASA U-ZER-2 aircraft 

Calibration is accomplished by viewing wo high emissiviry blackbodm. XNO 
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film. focussing optics, and & c & p d  silicon detectors. Ihe 

channel is fbcd d the signals ut digitized with a 16 bit AD. Onboard n u m c r i d  filtering 
is used to d u c e  the sample rplt from the HeNc laser rate by facton of 14.8 ud 8 in 
bands 1, U and IIl. 

University of Denver. The thrct channels of interferometer data and housekeeping 
parameters arc combined and rrcordtd on formated cassette tapes. Two drives with a 
capacity of 67 MByes each ~vt used to provldc 9 hours of continuous recording timc. 

Ruccssing of selectd data in the field is perfarmed on IE%M =/AT 
minocornputen. Data is transfcmd to hard disk and is processed with custom s o b a r c  
which displays the measurd intcrfaogmns and corresponding specaa, and perfoms 
calibration to yield radiance or brighmess tempcram spectra- The calibration pnxxdw 
uses full complex spectra to avoid m that can arise from radiance emitted by the warm 
in te rfcrom ter [ 41. 

extanal d operate ne31 the ambient pod ttmpasn~r of about 2 rpMcn K. The gain of cach 

The data system is controlled with a 6809 micropmessor b a d  system built at the 

3. RADIOMETRlC PERFORMANCE 
The R M S  detector noise for a single 6 second scan determined from in-fight 

calibration data is shown in Fig. 1. For bands I and Il the noix is background limited. 
with radiation from the insaument providing most of the photons. Band III noix is 
considerably higher, with a contribution from about 2150-2350 cm'l which is not detector 
noise. 

T h e  other type of noise encountered in flight is sample-positioncnor noix causd 
by the cffect of aircraft vibrations on the velocity of the scanning Michclson mirror. Since 
it originates from very near ZPD. this noise is highly correlated with wavenumber. causing 
a small rocking of the spectra. It is absent on the ground and would not bc present in a 
spacecraft application. Even in the hostile aircraft cnvironmcnf this noise can be madc 
small as show in Fig. 2 for opcrarjon under the centerline of the ER-2. T h e  amplitude of 
this noisc varies with instrument configuration, and is significantly lower when thc H I S  is 
located undcr the wing. 

thc ground using a third blackbody. A liquid nitrogen blackbody was used as the cold 
rrfercncc, one on-board blackbody served as the 300 K hot rcfcrcnce, and thc tcmpcraturc 
of thc ohcr  on-board blackbody (set bctwccn 260 and 280 K)  was dctcrmined. Thc 
unknown t e m p c r a m  can bc detcrmincd routinely to within about 0.2 to 0.4 K. This 
procedure d i e s  o n  a carcful optical design and aljgnment to prevent OPD dcpcndcnct of 
the rcsponsiviry, which would d c p d c  the high resolution integrity of the spectra. Sclf 
apodmtion is kept small  by the relatively s d  field-of-view (FOV) of thc intcrfcromcrcr. 
and can bc accounted for accurately. Additional errors could bc prcxnt in flight. bur 
comparisons w i t h  aircraft altitude umpera tws  and water surface tcmpcraturcs a x  g c n d l y  
uithin 1 K and an accuracy of < 0.50 C is possible. except for rcgions of low brightncss 
tcmpcrarurt in the 4.3 micron CO2 band. 

4.  FLIGHT EXPERIENCE A h D  RESULTS 

in 1986. In hlay, two fights were made with clear conditions over thc L t t  Peak 
obscrvatory in Arizona, while simultaneous absorption measurements wcrc made with 
Brault's intcrfcromctcr on the hlchlath Solar Telescope IS). In Junc and July. 20 f ights 
wcrc made as pan of thc NASA C0mE.X experiment conducted ncar NASA Manhall. an 
inrcnsive study of convective stoms and their p r e c m r  conditions. Ln Octobcr and 
November, 10 fights wcrc made in suppon of the NASA FIRE cxpcnmcnt in Wisconsin 
to study the rahativc impact of cirrus clouds. 

Accurate radiomcmc calibration over the full spmaal rangc uas  demonstrated on 

, 

I 

T h c  HIS aircraft instrument was floun over many dffercnt atmosphcric condition 1 
I 
I 
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5.  CONCLUSIONS 

study a1 the Univasiry of W~sconsin of the feasibility of e g  s o m ~  of the next scries 
of GOES sounding instruments by replacing their Ntcr  wheels with interfcromcun. Also. 
the capabilities of the aircraft instrument arc unique and should be applied to annosphaic 
rcscarch projects of many types for several years. 

The NCCCSS of the HIS MI mcasuremcnts has rtcurtly Id N O M  to support I 
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Table 1. Characteristics d the HIS Aircraf~ Instrument 

spccaal m g c  (an-’).: 
Band I 
Band Il 
Band III 

Lcld of view diamcur (mr): 
Telescope 
Lnurferomcur 

Blackbody Rcfcmna sources: 
Emissivity 
A p e m  diameter (cm) 
Tcmperatm stabhty (K) 

Autc+aligncd lntcrfemmctcr. 

B c ams pli fv~: 
Substrate 
Coatings (1/4 A at 3.3 p) 

5 9 0  1070 
104(11930 
2070- 27 50 

100 
30 

9 . 9 9 8  
1.5 - +o. 1 

rnodrfid BOMEM BBDA2.1 

KCI 
G e + S b S 3  

Maximum delay (double s i d e d ) c m n r  configwadon (an) 
Band I (hardware limit is 22.0) +1.8 

+13.-0.8 Bands II 8: III (hmjtcd by data system) 

hZichclson mirror optical scan rate ( c d s ) :  0.6- 1 .O 

Apcnurc stop (at intcrfcromcrcr exit window): 
Diameter (cm) 
Central obscuration area fracdon 
Area (crn?) 

Am-sol id  angle product (cm2-sr): 

4.1 
0.17 
10.8 

0.0076 

As doped Si 
0.16 

6 

The rmgcs shown arc design ranges. The c m n t  bandpass filters WCR chosen from 
available stock filters. and will bc changed as new filters arc a q u m d .  
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Fig. 1. Detector noise. 

Fig. 2. Sample position emr noise for 2 November 1986 ER-2 flight On the pound.  
md even in the altcrnativc under-wing configuration. t h c x  emn art d e r  than devctor 
noise. 

Fig. 3 .  Brightness ternperam spectra from 15 June 1986 flight over Tenncssec compartd 
to calculated spccaa. The measured specaa are the mean of the sptctra from one foward 
and one backward OPD XM. 
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Ref  2. "Radiometric Calibration of IR Interferometers: Experience 
from the High-resolution Interferometer Sounder (HIS) Aircraft 
Instrument". H.E. Revercomb, H. Buijs, H.B. Howell, R.O. 
Knuteson, D.D. LaPorte, U.L. Smith. L.A. Sromovsky. and H.U. 
Woolf, Presented at International Workshop on Remote Sensfng 
Retrieval Methods, Willfarnsburg, Vlrginia. 15-18 December, for 
publication in Advances in Remote Se-Retrle val M ethodg. A .  

Deepek Publishing, Hnmpton, Virginia, in Press, 1988. 
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RADIOMETRIC CALIBRATION OF I R  INTERFEROMETERS: EXPERIENCE FROM 
THE HIGH-RESOLUTION INTERFEROMETER SOUNDER (HIS) AIRCRAFT INSTRUMENT 

2 
2 

H . E .  ReverSomb, H .  Buijs', H .B .  Howell , R . O .  Knuteson, 
D . D .  LaPorte , W.L. Smith, L.A. Sromovsky, and H .  W .  Woolf 

Space Science and Engineering Center ,  
Madison, W I  53706 USA 

ABSTRACT 

An a c c u r a t e l y  c a l i b r a t e d  Fourier  transform spectrometer  has  been 
developed t o  measure the upwelling i n f r a r e d  emission o f  t h e  e a r t h  f ron  
h i g h - a l t i t u d e  NASA research a i r c r a f t  as p a r t  of  t he  H I S  program t o  
improve t h e  v e r t i c a l  r e so lu t ion  of temperature and humidity 
r e t r i e v a l s .  The HIS instrument has  demonstrated t h a t  t h e  rad iometr ic  
accuracy goa l s  f o r  high reso lu t ion  sounding ( 1 ° C  abso lu te  and 0.1"C 
RMS r e p r o d u c i b i l i t y )  can be achieved. Accurate rad iometr ic  
c a l i b r a t i o n  over t he  f u l l  s p e c t r a l  range was demonstrated on t h e  
ground us ing  a t h i r d  refersnce blackbody. The unknown temperature  o f  
the t h i r d  blackbody i s  determined rou t ine ly  t o  wi th in  0 . 2  K of i t s  
measured temperature .  Achieving t h i s  l e v e l  of accuracy i n  one o f  the 
t h r e e  s p e c t r a l  bands required developing a technique f o r  c a n c e l l i n g  
the e f f e c t s  o f  an anomalous phase response i n  t h a t  band. Addi t iona l  
e r r o r s  could be present  i n  f l i g h t ,  bu t  comparisons with a i r c r a f t  
a l t i t u d e  temperatures  and water sur face  tenpera tures  a r e  g e n e r a l l y  
within about 1 K .  An accuracy of < 0 . 5  " C  i s  p o s s i b l e ,  exceFt f o r  
regions of l o w  br ightness  t e q e r a t u r e  i n  t5e 4 . 3  micron CO 
Comparisons of  H I S  ear th-emitred spec t r a  with l i n e - b y - l i n e  
ca l cu la t ions  us ing  the  AFGL FASCODE denonstrate  the high rad iometr ic  
accuracy o f  measured high s p e c t r a l  resolucion f e a t u r e s .  

bznd. 2 

1. INTRODUCTIOK 

The a i r c r a f t  model High-resolut ion Inzerferometer  Sounder, 
designed f o r  t h e  NASA U-2 research a i r c r a f t ,  has  demonscrated the  
s c i e n t i f i c  va lue  of radiometrically-precise high s p e c t r a l  r e s o l u t i o n  
emission measurements (Smith e t  a l . ,  1987a, 1987b). The instrument  
has been flown r e l i a b l y  on over 40 f l i g h t s  including two major NASA 
f i e l d  experiments.  The HIS  p a r t i c i p a t e d ,  wi th  many o the r  atmospheric 
sensing ins t ruments ,  i n  the Combined Huntsv i l le  Meteorological  
Experiment (COHXX) f o r  s tuding severe s;orms and t h e  F i r s t  I S C C P  

1 

* NOAA/NESDIS Systems Design and A p p l .  Branch, Madison W I  53706 

3 

BOMEM I n c . ,  V i l l e  de Vanier,  Quebec, Canada G l M 2 Y 2  

Santa Barbara Research Center ,  Goleta ,  CA 93117 
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Regional Experiment (FIRE) for studing the effect of cirrus clouds on 
climate. The unique ability of this instrument to measure accurately 
the emission spectrum from a flexible, high-altitude platform with a 
large complement of other instrumentation should make it an important 
resource for many types of experiments for several years. The success 
of the aircraft instrument has led to a current effort to develop a 
spacecraft instrument which will provide improved operational 
soundings from geosynchronous orbit (Smith et al., 1983, 1984) by as 
early as 1995. 

As background for the calibration discussion, the primary 
parameters of the HIS aircraft instrument are summarized in Table 1. 
The specific implementation for the aircraft bears little resemblance 
to a spacecraft instrument, but the principles are the same. Also, 
the instrument noise performance, which along with the calibration 
defines the radiometric perfoririance, is shown in Fig. 1 taken from 
Revercomb et al. (1987). The detector noise level derived from the 
variance of blackbody brightness temperatures in flight is very 
similar for both the hot and cold blackbodies. The noise performance 
of  the short wavelength Band 111 is not as good as that of the pther 
two bands, with an extra contribution between 2150 and 2350 cm f r o =  
pickup in the analog electronics. However, the RMS noise for most of 
the spectral range of bands I and I1 is very low, generally less than 
0.2"C for a single 6-second inrerferometer scan. The additional noise 
arising from sample-position errors for the HIS varies with the 
aircrafc configuration. It is caused by undamped vibrations from the 
aircraft engine and varies from substantially smaller to somewhat 
larger than the detector noise. This source of noise is small on the 
ground and would be negligible in a spacecraft instrument. 

I z c  T . I I I l . ' ,  1.0. . . . 1 1 1 . 7 

c 

- 1.6- 
E 
C 0 8 -  

BAN3 I1 EAND 111 

0 
600 700 890 900 lOOJ 1100 125C 1403 1550 1700 1EC3 2;00 2200 2300 2490 2530 252; 

* . ' ' " ' ' *  

(crn-') 

Figure 1. Detector noise for the three HIS spectral bands. 

2. RADIOMETRIC CALIBRATION AND VEXIFICATION 

The basic approach for determining absoluze radiances from the 
HIS nadir-viewing interferometer is the same as that used for filter 
radiometers and has been used successfully for other interferometric 
applications. (Hanel et al., 1980, 1972, 1971, 1970; LzPorte and 
Howitt, 1982). The detectors and electronics are designed to yield an 
output which is linear in the incident radiance for all wavenumbers in 
the optical passband of the instrument. Two blackbody reference 
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TABLE 1. CHARACTERISTICS OF THE HIS AIRCRAFT INSTRUMENT 

(after Revercomb et al, 1987, 1988) 

Band I1 
Band 111 

Field of viev d l m e t e r  (mr ) :  
Telescope 
Interferometer 

S90-1070 
1WO - 19 30 
20 7 0  - 2 7 50 

LOO 
30 

Blackbody Reference sources: >o. 998 
GAiss1viq 

1.5 Aperture diameter (em) 
M 1  Temperature r t a b i l l ~  (K) 

Temperacures (K) 21.0. 300 
~~c~..ligned Interferometer: modified B O H P .  33DA2.1 

Beams pi i t ter : 
Substrate 
coatings (I/& A at 3 . 3  e) 

KC1 
Ce*Sb2S, 

nicheison mirror optical scan race (cn/s): 0 6-1.0 

L . 1  
0.17 
10.8 

0.0076 

Ar doped Si 
0.16 

6 

260 "oairxi instrument temperature (K) : 

* The racges shown are design ranges. The current bandpass fi1:ers 
were chosen from available scoci fiirers. and will be char.ge.' IS nev 
f:l:ers are acquired 

P 
*r 

Uorel l lnO 
Radiance 

Figure 2 .  Schematic of HIS optics. Primary, collimating and focusing 
mirrors are shown as lenses (after Revercomb et al., 1988). 
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sources are viewed t o  determine the slope and offset which define the 
linear instrument response at each wavenumber. 

- .  .- . 

In the HIS U - 2  instrument, calibration observations-of the two 
on-board reference blackbodies are made every two minutes. There are 
4 double-sided optical-path scans of each reference source for every 
12 scans of the earth. As shown in Fig. 2 which summarizes the 
optical configuration, the blackbodies are viewed by rotating the 
telescope field-of-view from below the aircraft to inside a blackbody 
aperture using a 45" plane mirror. There are no uncalibrated optical 
surfaces, since the earth is viewed through an open aperture in the 
pod which provides an aerodynamic shell. 

The small size of the optical beam at the blackbody positions 
makes the design of accurate radiation standards relatively easy. The 
reference blackbodies are thermoelectrically-controlled, blackened, 
copper cavities (Fig. 3 ) .  The insulated copper walls of the blackbody 
cavities give good temperature uniformity, and because of the cavity 
effect, the normal emissivity is very close to one (Table 1). The 
temperiitures are sensed with accurately calibrated platinum resistance 
thermometers (PRTs) embedded in the base of each cavity (during 
testing, a second PRT in the side of the cavity was used to verify 
adequace temperature uniformity). 

FOAM 
k- 5.08cm --4 /,-, 

' U  
PRT'S i P A T  C MEASURING 

PAT 
COPPER C A V I T Y  
WITH 3M 9ECP-2200  BLACK 

Figure 3 .  Blackbody reference cavity design. 

One important, additional requirement when applying a two-point 
calibration with blackbody references to an interferometer, as opposed 
to an instrument measuring spectra directly, is that the instrument 
responsivity should be independent of optical delay (or that any delay 
dependences should be accurately known). Avoiding sources of delay 
dependent response was a major objective in designing the HIS 
instrunent. To accomplish this, care was taken in the optical stop 
design and alignment to prevent the effective apercure s t o p  size from 
changing with motion of the Michelson mirror. 
the aperture stop, which is focused on the detectors, was found to be 
at the exit window of the interferometer module (see Fig. 2 ) .  
Further, the field-of-view (FOV) of the interferometer is restricted 
to 30 mr to limit self-apodization. 

The best location for 

. .  
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NOW, turning to the mathematical expressions for the calibratfon, 
we present the new formulation for calibration which correctly 
accounts for the anomalous phase response observed in the HIS Band I 
(Revercomb et AI., 1988). Assuming linearity AS expressed above, the 
output interferogram F can be oxpressed in terms of the incident 
spectral radiance LY as follows, Using a COntinUOUS representation: 

where the uncalibrated complex spectrum (C  =C ) is given by v - w  

and vhere x is optical path difference (delay), Y is wavenumber, 
d ( v )  is the normal phase response to external radiation, ~ O ( Y )  is t5.e 
anomalous phase response from instrument emission, r is the 
responsivity of the instrument, and Lo Y 

emission (referred to input). 

Y is the offset from instrucer.: 

Equation (2 )  expresses the linear relationship between the 
uncalibrated spectrum and spectral radiance. The tu0 unknowns to be 
determined from the two calibration observations are the responsivi:y 
and the offset radiance. The offset radiance defined here is the 
radiance vhich, if introduced at the input of the instrument, would 
give the same contribution as the actual emission from various par:s 
of the optical train. 

The phase characterizes the combined optical and electrical 
dispersion of the instrument. Koce that  boch a noma1 and an 
anorcalous phase are explicitly re?resen:ed here. This is to allov fcr 
the possibility, encountered vich the HIS band I. tha: the phase for 
radiance from the source is different from the phase for backgr0u:r.d 
emissions. 

It is clear from Eq. (2) that the anomalous phase contribution 
can be eliminated along vith the instrunent radiance offset by 
differencing complex spectra from different sources. 
spectra are identical to the difference spectra vhich vould result i f  
there vere no anomalous phase contribution. The equations for the 
difference spectra are 

The difference 
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vhere B 
label tKe quantities associated w i t h  the hot and cold blackbody. 
[Note that, for rimplicity, the blackbodies are assumed to have unit 
emittanco here. To account for actual emittances e ,  the Planck 
radiances should be replaced with aB+(l-a)B(Ta) where 1. is the 
ambient temperature. J 

1s the Planck blackbody radiance, m d  subscripts h and c 
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The new expression for the responsivity, which follows 
immediately from Eq. (4) by taking the magnitude of both sides, is 

The offset which follovs directly by substituting the responsivity 
into Eq. (2) 1s 

Note that the offset from instrument emission given by Eq. (6) is 
a complex function. In the shorter wavelength bands of the HIS vhere 
the beamsplitter is large ly  free of absorption, the anomalous phase is 
essentially zero, making the offset real. However, in Band I the HIS 
beamsplitter absorbs as s h o w  in Fig. 4. 
efficiency, absorption also a1:ers the phase response. The resulting 
emission from the ambient temperature beamsplitter creates coherent 
beams in each l e g  of the interferometer, with the effective point of 
vavefront division in a plane different from the plane for reflection. 
This is the source of the anomalous phase. 

In addition to reducing 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

TRANSt.!ITTANCE 

O3 1 
0 2  - 
0.1 -- 
0 .o I I I 

600 700 eoo 9 00 1003 1100 

WAVENUMBEF! ( c m ” )  

Figure 4. Characteristics of HIS beacsplitter for Band I. 

1 
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Finally, tho baric calibration axprossion which follows by taking 

the ratio of Eq. (3 )  to Eq. (6) 1s 
. -.i.- - - . -  

For ideal spectra with no noise, this expression for the calibrated 
radiance would be real, since the phases of the ratioed difference 
spectra are the same. 
square root of two noise amplification, which can be associated with 
taking the magnitude of spectra with none-zero phase. 
phase of the ratio of  difference spectra is zero to within the noise, 
the calibrated spectrum can equally vel1 be defined in terms of the 
real part of the ratio (as shown), or in terms of the magnitude of the 
ratio. 

This cancellation of the phases avoids the 

I Because the 

The ground calibration tests t o  veri fy  the above procedure 
cons1s:ed of  measuring the radiance from a blackbody at approximately 
280 K using calibration blackbodies at 300 K and 77 K. 
on8 of these tests are shown in Fig. 5. The spectra for each of the 

The results of 

290 r I I 1 

2 7 0 '  I I I I 
Y 600 700 800 900 1003 1100 - 

I I I I 
2ic3 2300 2 4 ~ 0  23CO 

WAVENUMBER (crn") 

Figure 5 .  Laboratory calibration with source a: 280.2 K (lines sho.--r?). 

three HIS spectral bar,ds are presented as brightness teEperarures to 
make any errors stand out as a deviation froc the measured blackbody 
temperature of 280.2 K. The deviations are almost exclusively caused 
by noise, in part due t operation in moist room air. 
between 600 and 650 CP is caused by low optical throughput in this 
region during this test, and has since been icproved. 

The large noise 

The noise 

- P  

.. 

-. . 
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sp ikes  from 1450 t o  1800 cn-1 are due t o  water vapor absorp t ion  
between the  in t e r f e romete r  and the  d e t e c t o r s  and are not p r e s e n t  a t  
f l i g h t  a l t i tud.  ( F i g .  1). Room a i r  CO absorp t ion  is f f s p o n s i b l e  for 
t he  increased  n o i s e  amplitude between ?300 and 2600 c m  The t r u e  
c a l i b r a t i o n  e r r o r s  from t h i s  t e s t  a r e  only about 0.1 t o  0 . 2  K. 

. 

3 .  EARTH MISSION SPECTRA 

To i l l u s t r a t e  some of the  f ea tu res  o f  the raw d a t a ,  the  complex 
unca l ib ra t ed  s p e c t r a  from a f l i g h t  on 17 June 1986 a r e  shown I n  F igs .  
6 and 7 f o r  Bands I and I1 respec t ive ly .  
a r e  determined d i r e c t l y  from A complex Fourier  t ransformation of  the 
measured two-sided interferogram. It i s  apparent  from the  magnitude 
s p e c t r a  t h a t  the  c o l d  blackbody temperature of 245 K for these  
measurements is  n o t  optimum, because the re  a r e  many a reas  where the  
e a r t h  spectrum is smal le r  than t h a t  f o r  the  co ld  blackbody. 
ob jec t ive  was t o  run  the cold blackbody a t  about 220 K, b u t  we could 
not  d i s s i p a t e  enough hea t  from the thermoelec t r ic  cooler .  
ex t r apo la t ion  necessary  f o r  low e a r t h  radiances can lead t o  somewhat 
l a r g e r  c a l i b r a t i o n  e r r o r s ,  but the e f f e c t  is not  large with the high 
emiss iv i ty  sources  used on HIS. 

Both t he  magnitude and phase 

The 

The 

28 -r 
26 - 
24 - 
22 - 

2.5 

2.0 

1.5 

0.5 
'-O 1 
0.0 4 

600 700 800 900 loco 1:tc 

WAVENUMEE;1 (cm") 

Figure 6 .  Xagnitude and phase of Band I unca l ibra ted  s p e c t r u .  

. -  , 
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Figure 7. Magnitude and phase of Band I1 uncalibrated spectra.  

The magnitude spectra have various features which need 
explanation. The general Gaussian shape of the magnitude spectra is 
caused by the numerical filtering which is performed in the instrunent 
digital electronics (a hardvare convolution is performed for signal- 
to-noise preserving s G p l e  volume reduction by factors of 14, 8, 8 in 
the 3 spectral bands). The sinusoidal components superimposed on the 
magnitude spectra are channeled spectra caused by the parallel 
surfaces of the arsenic-doped silicon detectors. Because the 
channeled spectra are very stable, they do not affect the calibrated 
spectra. 
shows some features for  vavenumbers above 1350 cm fro the small 

These features are also stable and do not cause errors in d e  
calibrated spectra. 

The magnitude spectrum of the hot blackbpdy for Band I1 also 

water content at altitude, and band I shows the 667 cm -I! CO Q-brancb. 

The phase spectra for bands I and I1 differ markedly. 
I1 the phases are nearly linear and are source independent, the 
behavior expected with an ideal beamsplitter having zero dispersion 

For band 

. _ .  

9 
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and v i t h  an e lec t r ica l  response having a pure time de lay .  
phasos,  on the o t h o r  hand, show s i g n i f i c a n t  dev ia t ions  from l i n e a r i t y ,  
and t h e  phaso For t h e  earth viov even h a s  high r e s o l u t i o n  s t r u c m r a .  
AS mentioned earier,  theso pecu l i a r  c h a r a c t e r i s t i c s  a r e  caused  by 
omission from t h o  beamspl i t te r  i n  band I. 
s t r u c t u r e  occurs when the con t r ibu t ion  from the o a r t h  v i t h  a w e l l  
behaved phase and that from tho instrument  v i t h  a n  anornolous ( b u t  
r e a s o m b l y  smooth) phase are combined t o  give a s i n g l e  phase.  

Band I 

The h igh  r o s o l u t i o n  

To domorutrate  t he  radiometer ic  i n t e g r i t y  of the  h i g h - r e s o l u t i o n  
f e a t u r e s  of s p o c t r a  from the  a i r c r a f t  ins t rument ,  ve now g ive  some 
examplor (Figs. 8-10) of  comparisons between c a l i b r a t e d  e a r t h  emission 
s p e c t r a  and spectra from l i n e - b y - l i n e  c a l c u l a t i o n s .  A l l  t h r e e  
examples aro from 8 r ing lo  Band I spectrum made wi th  a s ix - second  
interforornotar  s c a n  on 15 June 1986 over  Northern Yennes e a ,  t h e  f i r s t  
day of COHMEX. The apodired r e so lu t ion  is about 0 . 5  c m  . The only 
s e l e c t i o n  c r i t e r i o n  was a c l e a r  scene wi th  reasonably c l o s e  proximity 
to . r ad iosonde  measurements. 

- I  

The c a l c u l a t i o n s ,  which use the  AFCL FASCODE v e r s i o n  2 (Clough e t  
a l . ,  1986) and t h e  1986 HITRAN database l i n e  tape (Rothman e t  a l . ,  
1987) .  have only  r ecen t ly  been completed, 
f u l l  r e s o l u t i o n  FASCODE spectrum t o  the HIS r e s o l u t i o n  is done without 
any l o s s  of  accuracy .  
(Table 1) is in t roduced  i n t o  the c a l c u l a t e d  s p e c t r a  as p a r t  of  the 
r e s o l u t i o n  r e d u c t i o n  process.  The temperature and water vapor 
p r o f i l e s  a r e  from the  average of two radiosondes about 180 km apar: ir. 
t h e  s p e c i a l  network. The s i x  minor c o n s t i t u e n t s  included bes ides  
v a t e r  vapor d e f a u l t  t o  the midla t i tude  summer model. 

Now, t he  r educ t ion  of  the 

The f i n i t e  f i e l d - o f - v i e w  of the fnterferone:er 

The g e n e r a l l y  exce l l en t  agreement of the l i n e  s t r u c t u r e  and of  
t he  wator vapor  continuum as ve l1  is ev ident  i n  Fig. 8 .  There a r e  
some i n t e r e s t i n g  r e a l  d i f fe rences  which vary slowly with wavenurker 
and a r e  presumeably due t o  surface emis s iv i ty  v a r i a t i o n s  o r  to t r ace  
c o n s t i t u e n t s  no t  y e t  included i n  the  c a l c u l a t i o n s .  Fig. 9 shovs t5e 
s h o r t  wavelength r i d e  of the  I5 pm CO 

wavenumberr. is a knom d e f i c i e r x y  of 
FASCODE caused by l i n e  mixing. 
t he  type which might be a t t r i b u t a b l e  t o  the f a i l u r e  of m ~ o  radiosox!es 
t o  a c c u r a t e l y  cha rac t e r i ze  the atmosphere. 

band used f o r  tempera:ure 
sounding. The d i f f e rences  a r e  less t 4 an aboyc t h r e e  degrees  a t  03s: 

The l a r g e  f ea tu re  near 720 cm- 
Much of the r e s i d u a l  d i f f e r e n c e  is of  

2 Figure 10 shows t h e  de ta i l ed  na tu re  of the d i f f e r e n c e s  f o r  CO 
l i n e s  from the same s p e c t r a l  region.  The agreement i n  shape and 
wavenumber a l i g m e n t  of the spec t r a  is phenomenal. 
remarkable s i n c e  the  HIS wavenumber c a l i b r a t i o n  he re  is based or: the 
known l a s e r  wavenumber and in te r fe rometer  f i e l d - o f - v i e v ,  without 
adjustment .  
f r a c t i o n  of t he  spectrum. 
accounted f o r  by ad jus t ing  the temperature and l apse  r a t e  of  the 
atmosphere, a l though small c a l i b r a t i o n  adjustments ( t o  the  radiosor.de 
o r  t o  the HIS) might a l so  be ind ica ted .  

This  is es?eclall ; ;  

The d i f f e rence  is c lose  to an o f f s e t  minus a small  
This type of d i f f e r e n c e  can l a r g e l y  be 
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4. CONCLUSIONS 

The high rad iometr ic  p rec i s ion  and accuracy of the HIS  a i r c r a f t  
instrument c l e a r l y  demonstrate t h a t  t he re  a r e  no fundamental problems 
i n  achieving e x c e l l e n t  r a d i o m t r i c  c a l i b r a t i o n  wi th  an i n t e r f e r o m e t e r .  
I n  f a c t ,  t he  in te r fe rometer  has the g r e a t  a s s e t  t h a t  i t s  wavenunber 
c a l i b r a t i o n  and r e s o l u t i o n  func t ion  a r e  def ined by a small  number of 
parameters which can  e a s i l y  be known accura t e ly .  

The au thors  thank the meEbers of the  i n s t m c n t  team a t  t he  Space 
Science and Engineering Center ,  BOHLY, I n c . ,  the  Santa Barbara 
Research Center ,  and the Universi ty  of  Denver, vhose c a r e  i n  
f a b r i c a t i n g  and a l i g n i n g  the HIS instrument made accura te  rad iometr ic  
c a l i b r a t i o n  r e a l i z a b l e .  
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84-DGC-00095 and NASA con t r ac t  NASS-27608. 
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